Piezoelectric based energy management system for powering intelligent implants and prostheses by Hofmann, Alexander et al.
  
 
 
TU Ilmenau | Universitätsbibliothek | ilmedia, 2019 
http://www.tu-ilmenau.de/ilmedia 
 
Hofmann, Alexander; Laqua, Daniel; Husar, Peter: 
Piezoelectric based energy management system for powering intelligent 
implants and prostheses 
 
Zuerst erschienen in: Biomedical Engineering = Biomedizinische Technik. - Berlin [u.a.] : 
de Gruyter. - 57 (2012), Suppl. 1, Track-S, p. 263-266. 
Erstveröffentlichung: 2012-09-06 
ISSN (online): 1862-278X 
ISSN (print): 0013-5585 
DOI: 10.1515/bmt-2012-4265 
[Zuletzt gesehen: 2019-08-15] 
 
„Im Rahmen der hochschulweiten Open-Access-Strategie für die Zweitveröffentlichung identifiziert 
durch die Universitätsbibliothek Ilmenau.“ 
“Within the academic Open Access Strategy identified for deposition by Ilmenau University Library.” 
„Dieser Beitrag ist mit Zustimmung des Rechteinhabers aufgrund einer (DFG-
geförderten) Allianz- bzw. Nationallizenz frei zugänglich.“ 
 
„This publication is with permission of the rights owner freely accessible due to 
an Alliance licence and a national licence (funded by the DFG, German 
Research Foundation) respectively.” 
 
 	


 


 
 !"#$%&'()*%+, !*- ./01234/56/378999
:;<=>?@=ABCDEFGCH
C
E

G
CCG

IGCJ
E
C
K LMC
I
E



EC
DEC
GFG
C
G
C


JBE







H
EJBCNC




C
C
DC


JBI

GC
F
G
E

C
OPQOPGCEF

D





DD
JB
 GD
RSBGD
CF

I
E
CJ
TUTVWXY&Z[WTYV
W\]" ]' '-'^  ^_`a'a_ )*' -b "c
 ^--'dd"b$,"#]a"ab,-"#b"] ^ ,'"%
]\'a\a"a -","_,\b '$ _-*bb_e*,-"$'a
bb'a,'"-UT,'^,'$b,-b "-,\--]'",
"_ a"d $'#*a,'"-"#" ^-, $','-]',\
'-"  _"^ UT#*,* ]' ----" c%b "a--'^c
a"$$*'a,'"c*',-"#,\-$'abb'a,'"-]'
\b," a" ",'#_a"$b'a,'"-'-#*a,'"-
 _"%]\,$_\b," *a-, --#*b"-,c"b ,'"-
a\afc*b-U-, ',"] -$" 'b,
$"e''#"#b,',-]',\,\-$'abb'a,'"-]'
e-#c-*#`a',b"] -*bb_b "d''^ a-- _
a, "'aa"$b",-UW\b "a---a 'e'^ ,\b"] 
a"d -'""#_d' "$, ^_',"a, 'ab"] 
'-ag ^_\ d-,'^gUW\-a"ab,--"'a*,\
*-"#b'h"a, 'a^ ," -,\,a"*,fd,^-"#
_$"d$,"#" ',\\*$e"_UW\$*-a-%,\
*^ ,\b* %,\_%,\d---" \*$$"d$,
 i*-,-"$$b-,\,a]" f-b"] -"* a-'
a"$e','"]',\b'h"a, 'a ^ ," -U+'h"a, 'a',_
'-a, "$a\'aa"d -'"b "a--,\,-a 'e-
,\$*,*a"*b'^ e,]-, --j-, 'a, 'a
a\ ^j`UW\-,'a#" $,'""#b'h"a, 'aa,'d
$, 'a*--a\^"#b" 'h,'"UW\'--"a
W\'-]" f]--*bb" ,e_,\klkm
U!"#$'-]',\,\T-,',*,"#k'"$'an^' '^T#" $,c
'a-%T$*Z'd -',_"#Wa\""^_%T$*%opqors $_tc$'u
vwxyvz{x|}~vzzwxzv}{x
&U()*'-]',\,\T-,',*,"#k'"$'an^' '^ T#" $,c
'a-%T$*Z'd -',_"#Wa\""^_%T$*%opqors $_tc$'u
{vzxw}wvvwxzv}{x
+U!*- '-]',\,\T-,',*,"#k'"$'an^' '^ T#" c
$,'a-%T$*Z'd -',_"#Wa\""^_%T$*%opqors $_tc
$'uxx|}~v|wxzv}{x



m'^UU n)*'d,a' a*','^ $"#b'h"a, 'a^  ," -a* ,
-"* aa"` *^ ,'"]',\

,\, ,'^ a* ,%

,\', abac
',a"#,\+s
 ¡¢£
,\#""]'^ "'b ]',\,\-"* aU
¤¥
' a,b'h"a, 'a#a,'-f"]-'app¦"]_-
'*-, '_*-#" b'h"a, 'a--" -U
&b'^ ",\', a"a,'""#b'h"a, 'a_ -
+sae--a* ," d",^-"* aUm'^* -\"]-
,\)*'d,a' a*',"#b'h"a, 'a^  ," -a* ,
-"* a'b a"` *^ ,'"U
W\d"b$,"b,'$'h,'""#b'h"a, 'ac
 ^_\ d-,'^ '--a 'e'¤§¥%¤r¥¤¨¥Un-ba'_
¤¨¥-\"]-,\a"$b',_"#"]b"] b'h"a, 'a ^_
\ d-,'^-_-,$-%]\ \'^\-_-,$#`a'a_b-"
$_#a," --*a\-,\*-"#"b,'$*$"-%a"-,,
\ $"'aa',,'"UY,\a",  _'b'h"a, 'a ^_
\ d-,'^ #" b"] '^ ','^,'$b,-b "-,\--
"b,'$"-\ $"'aa',,'"-a",eba,U
W\-baa"-, ',%e'"a"$b,'e'',_b,',-#,_
,fb '" ',_%-",\,b'h"a, 'a ^_\ d-,'^ -_-,$-
a"*,$b"  '_",^,aa--,"-*#`a', ^_UW\'-
bb b -,--,,c"#c,\c ,-#c-*-,''^ b'h"a, 'a
 ^_$^$,-_-,$%]" f'^ ]',\'# ,f'-
"#a, "'a"-* '-\ $"'aa',,'"d]\
b'h"a, 'a ^_-*bb_'-$'--'^U
TTUlWnXT(V&lnW!Y&©
W\e-'aa"ab,"#,\]\"d'a'--\"]'` *^ 
§UW\b'h"a, 'a ^ ," ª§§kb "*ae_l'
Wa\""^_ b -,-,\ ^_-"* aUT,\--$-'h
"#r«U«qqU¦Uq¨ $$ # )*a_ ^"#§¦!h
,"rq¦!hUW\b a"` *^ ,'"]-a\"-%]\'a\
a"a,-,\,]"'a*b'h"a, 'a_ -'b ,"
b "d'"*^\'b*,ca* ,#" ,\\ d-, d'aU¤¥
W\\ d-,'^ $"*(W[r¦pb "*ae_(' 
Wa\""^_'-,\a, $,UT,'-\'^\_',^ ,
&[j&[-,bc*ba"d , ]',\',  a,'` ]\'a\
"_-"][c'b*,d",^-"#§¦$ªUW\ #" 
, a"$b",-*a\-, -#" $ '-%]\'a\
Biomed Tech 2012; 57 (Suppl. 1) © 2012 by Walter de Gruyter · Berlin · Boston. DOI 10.1515/bmt-2012-4265263 Bereitgestellt von | Technische Universität IlmenauAngemeldetHeruntergeladen am | 15.08.19 14:05
 	

 




		


 !"!"
#$! !%

 ! 
 
&' ( 	)	

'*(
+
)	 
&	
 
" 

	

")
	
)

",#-.-"



)/- -



	
)),#-.-),
)



)	
,012)


)# -

3
#-!"#$!#!" 
 
))	



)	

 - --" 
 

" 
)


	

)

4
/- -))


5


)
" 
)	 -6"	7!	
	-!'.("'7(


 
	)
	!/

	,$-7



	)

)

) 

,#-.-



	
)

+
)




)89
:	
   
 

	)	 ;<+%4
;<+%40	!/
5


)",$-7
 

;<+%4


))	

 
)
	


	;<+%4

)




)
	


))
	


		

)
	
)

)

 

)
 



)

)
	

	
)	
;<+%4$<
)


	$";<+%4 

)


  
) 5	

)*2/
	)	)	
 




;2-



;+2#-%.#)0

=>?@A?ABC@ADE@
=FGHIJKLLMH
G>ENAO
PQ@RESCE@
TUVIWJX
VYQ@ZE@
TUVHJMJ
G>ENAO[ER>?E
\LL]
^
O
]>AFEBSA@
U=GLJ
]QCCE@_
V]VJ`J
GAaE@=QBQZEcEBCF_SCEc
% /	)

)
 


;2-"


;+2#-%.#
5
 


)	
5
!/"

,$-7"

,#-.-

)/- -

))
 
)
;2-" 
 
	d6e 
;+2#-%.#  
)
	.6e
	
1






)'d("'$-(
000f4+g,+
hijklmnopmqrqsptuvmuwqunulpxmlyuruxopqx
5


!/ )
)3		 
	

)$


  






9
#
 5

	
9e9
  

) 

2z%

5




	
$#{
||
/  *
 
) 




& 89
 :	
5
 {
||
"	

%
 -$-5

5# {
||
%
* 
	
)	
4)



&$#5


	
)	
   

	
)	!/

)
	
2z9


 	
"


"

&$ -5
}iyuruxopu~jppqnpouk
%
.

{

	
,$-78

:"
){

8

:){



8 

:	5



)
$7!" 

	
;+2#-%.#


%
$$ 

	


	)


))

Biomed Tech 2012; 57 (Suppl. 1) © 2012 by Walter de Gruyter · Berlin · Boston. DOI 10.1515/bmt-2012-4265264 Bereitgestellt von | Technische Universität IlmenauAngemeldetHeruntergeladen am | 15.08.19 14:05
 




	

 


 
 



 




 

















 
 




!
"
#$%&'& ()*$+,-./01$21*$03405.637.2%./.2,0$/%8980.:7$0505.6$.;3.-.102$1.-.:./0<==>?05../.2%95,2+.80.2@AB'CDE?05.F,0.2915,2%.2
@ABGDHD?05.F,0.29B>BDID,/J05.KLM#(A2.,-$;.J637.287$015&
N O P Q R S
TON
TU
TV
TR
TP
N
P
R
V
U
ON
WXYZX\YX\]
^
_`
W
X
\^
#$%&G& a23J*1.JbBc3*06*0+3-0,%.3405.6$.;3.-.102$1%./.2,032<==>
,8,4*/10$3/340$:.J.6./J$/%3/05..-3/%,0$3/,1132J$/%0305.,66-$.J
4321.&
ded def deg deh dei dej
kj
kh
kf
kl
m
l
f
h
j
nopqost
u
v
w
n
o
s
u
#$%&I& B3-,68.J6$.;3.-.102$1bBc3*06*0+3-0,%.,8,4*/10$3/340$:.
J*.0305.,JJ.J-3,J8&
05.80$-$/12.,8$/%+3-0,%.8x/,-92.,1505.$2:,y$:*:&
#$%*2.E2.62.8./08096$1,-8$%/,-1*2+.83405.%./.2,0.J
zBc+3-0,%.8&{/05.*66.2%2,65|
}~
$88537/75$152.,15.8
G&C<J.86$0.05.,J*80.J-$:$034I<&A5$8$8.y,10-905.
:,y$:*:F,0.293,0+3-0,%.05,01,/F.2.,15.J?F.1,*8.
05.F,0.2915,2%.285*/081*2./003%23*/J036230.1005.
F,0.29,005,063$/0&G&C<$8,-8305.:,y$:*: 8*66-9
+3-0,%.3405.:$12313/023-.2&A5.-37.2%2,658537805.
,10*,--3,J8*66-9+3-0,%.7$05,:,y$:*:341,&'&H<&
A5./cKLM#(A.+3.8,+3-0,%.J236341,&D&G<,/J
6230.10805.KMaG'D#==HG,%,$/803+.2+3-0,%.&A5.6.2$3J$1
2$66-.05,01,/F.43*/J$/05.-37.2%2,6534|
}
,87.-
      

























#$%&& #2.)*./19J3:,$/3405.381$-,0$/%6$.;3.-.102$1%./.2,032&A5.
:,y$:*:42.)*./196.,$8,0CID ;&b/305.242.)*./196.,1,/F.
43*/J,0CG ;F.1,*8.3405.,66-$.J230,0$3/42.)*./193405.,10*,032&
¡ ¡¢£ ¤ ¤¢£ ¥ ¥¢£ ¦ ¦¢£ § §¢£ £
¡
£
©¨ª«©­ª©­®
¯
°
±¨
©
­¯
¡ ¡¢£ ¤ ¤¢£ ¥ ¥¢£ ¦ ¦¢£ § §¢£ £
¡
£
©¨ª«©­ª©­®
¯
²
³¨¨
©
­¯
¡ ¡¢£ ¤ ¤¢£ ¥ ¥¢£ ¦ ¦¢£ § §¢£ £
¡
£
©¨ª«©­ª©­®
¯
°´
³
µ
©
­¯
#$%&H&¶$8$/%zBc+3-0,%.8·
¹¸º
»*66.2%2,65¼?·
½¾ºº
»%2,65$/05.:$JJ-.¼
,/J·
¿¸¾À
»%2,65F.-37¼,84*/10$3/8340$:.*60305.$2:,y$:*:+,-*.8&
2.62.8./0805.bÁzc13/+.28$3/6231.8805,0$8J3/.,F3*0
.+.29.$%508.13/J8&A5.:$JJ-.%2,657$05|
Â
J3.8/30
853705.8.2$66-.8?F.1,*8.05.F,0.29$8/309.013//.10.J
0305.-3,J8&A5.2.432.|
Â
80$-2$8.803$08:,y$:*:+,-*.
34'&E<&
ÃÄÅÃÆÇÈÉÊÈÉËÌÍÉÎÏÐÑÎÒÉÐÓÔÕÖ×ÉÎÉ×ÌØÙÓÐÎÚÆÌÒ
A5..y1$0,0$3/3405.aÛ7,880366.J,40.2C':$/*0.8?
75$151,/F.8../$/x%*2.Ü&B3/8.)*./0-9|
}~
J.12.,8.8
2,6$J-9»*66.2%2,65¼*/0$-|
}~
2.,15.8D<&Ý$05$/073
:$/*0.805.5,2+.80.2$8/30,F-.038*66-905.-3,J8,/9
-3/%.2&>*0|
}
»8.13/J%2,65423: F.-37¼J3.8/30
J.12.,8.05,04,80?F.1,*8.05.F,0.2980.68$/,40.2CG&=I
Biomed Tech 2012; 57 (Suppl. 1) © 2012 by Walter de Gruyter · Berlin · Boston. DOI 10.1515/bmt-2012-4265265 Bereitgestellt von | Technische Universität IlmenauAngemeldetHeruntergeladen am | 15.08.19 14:05
        
	 
	










        
	
	












        
	  
	
	 
	










 !"#$  #%&'( '()&#("%*
+,-
.'  %$$" /0"12#&"23'  #
)&#("%*
4+56
.$" /7%#&80"39'1!(&13&9(:%"12(/%3(%"2#1!$%"31
7"(%$)&#("%*
;5--
"3"9'1!(&1&9(:%.:22#%$" /0
<= <> <? <@ =A == => =? =@ BA
A
=
>
CDEFDHEDHI
J
K
L
C
D
H
J
<= <> <? <@ =A == => =? =@ BA
A
=
>
CDEFDHEDHI
J
M
N
C
C
D
H
J
<= <> <? <@ =A == => =? =@ BA
A
=
>
CDEFDHEDHI
J
O
K
N
P
D
H
J
<BQR <> <>QR <R
B
BQR
CDEFDHEDHI
J
O
K
N
P
D
H
J
== ==QR =B =BQR
<Q<
<Q=
<QB
<Q>
<QR
CDEFDHEDHI
J
O
K
N
P
D
H
J
S "#1TUV)&#("%3*
+,-
.'  %$$" /0W*
;5--
.3%!&12$" /
9$&:"7&)%0"12*
4+56
.3%!&12$" /9$&:7%#&80"3"9'1!(&1&9(:%
8/%1%X!("(&13(& 3/%TUV)&#("%*
4+56
"39'1!(&13&9(:%8/%1(/%
7"(%$3(% 31.#&8%$$" /&1(/%#%9(32%0"128/%1(/%33(%:#&!Y3
&'(.#&8%$$" /&1(/%$/(32%0
:1'(%3W8/!/33/&811(/%#&8%$$" /&1(/%#%9(32%
$&::1'(%Z[\](&Z[^_
a`bc
3%%:3(&7%!&:%3("7#%
8(/ "$("#3(%% %$$  #%3/%7"(%$ $&)2%3(/%#&"23
9&$(%1:1'(%38(/&'("1 %d&%#%!($!%1%$3'  #'1(#
(/%33(%:23!&11%!(3(/%#&"23.#&8%$$" /&1(/%$/(
32%0"12_
a`bc
!&1)%$%3(&ef_
gbhh
.3%!&12$" /9$&:
"7&)%0#%)%#3&9"(\\fi&(/%7"(%$3 $&(%!(%2""13(
'12%$)&#("%/%3#/(2%!$%"3%&9_
gbhh
"9(%$\j:1'(%3
!"17%"$%3'#(&9(/%klim#%"Y"%!'$%1((/"(n&83
(&%#%!($&1!!&: &1%1(3
ofToiUpiiolq
r#(/&'/"$%#"()%#//3("$('  %d&%#%!($!1 '()&#(V
"%&9Z[_
ss
31%%2%2W&1#3:"#%X!("(&13&9"9%8
:#:%(%$38%$%"  #%2'$(/%$:&$%(/%$&("(&19$%t'%1!
&9(/%"!('"(&$8"39"$7%#&8(/%&$1"#& %$"(19$%t'%1!
&9(/%f\\u
/%23/"$:&1!%X!("(&1221&(1%"()%#"9%!(
(/%3("7#(&9(/%%1%$"(%2TUV&'( '()&#("%3&$(/%
 %d&%#%($!"#:"(%$"#T%3 (%(/%"  #%2%X %$:%1("#
3%(' !"11&(3:'#"(%%)%$2"!&12(&13(/%33(%:3"7#%
(&/"12#%23/"$:&1!%X!("(&13"12(&3'  #3%13&$V"12
 $&!%331'1(3
T3!&1(1'(%31(/%TUV31"#!'$)%3!&$%3 &12(&(/%
33(%:7%/")&'$W8/!/1!#'2%31(%$"!(&17%(8%%1(/%
 %d&%#%!($!%1%$"(&$W(/% &8%$:"1"%:%1(33(%:"12
(/%!&' #%2#&"23
/%3#/(2%!$%"3%&9_
gbhh
"9(%$23!&11%!(1(/%#&"23
!"17%29v!'#(!&1!%$11#&1%$ %$&23&9:331wx
%X!(&1y%1!%W(/%7"(%$!&'#2"#3&7%!&: #%(%#23V
!/"$%2
fUlqUzpiolqirqTpp{m|l{}
/38&$Y $%3%1(3"//#1(%$"(%2 %d&%#%!($!%1%$
:"1"%:%1(33(%:%1%$"(13'9v!%1(%1%$(& $&)2%
"1'#($"V#&8 &8%$:%"3'$133(%: 8(/&1#"3:"#
":&'1(&9%X(%$1"#!&: &1%1(3
'$(/%$8&$Y8#: #(/%'3%&99"3(%$38(!/1kliV
m38(/"#&8%$#%"Y"%!'$%1(r1&(/%$%1%$3(&$"%
8(/"82%$&'( '()&#("%$"1%/"3(&7%!&132%$%2(&&
/%33(%: %$9&$:"1!%1!&:71"(&18(/9'$(/%$#&"23
3'!/"3{V($"13!%)%$38#7%1)%3("(%2
r:&$%"  #!"(&1&$%1(%2%X %$:%1("#3%(' 3/&'#27%
$%"#d%2(&(%3((/%33(%:'12%$:&$%$%"#3(!!&12(&13
o: #%:%1(1 %d&%#%!($!!"1(#%)%$39$&:&'$ $&~%!(
 "$(1%$k"!$&q"1& 3"9'$(/%$ '$ &3%(&7%"!!&:V
 #3/%2
U&1!%$11(/%&)%$"#&"#&9(/% $&~%!(" $&&9&9
 $1! #%9&$"8$%#%33W1(%#%1("12%1%$3%#9V3'9v!%1(
: #"1(8#7%2&1%
forU}ql|zmTxkmqi
/% $&~%!(/"37%%13 &13&$%27(/%x%$:"1%2%$"#
k13($&9m2'!"(&1"12{%3%"$!/.uku01(/%9'121
 $&$":o1(%#%1(o: #"1(3
{mm{mqUmi
Zk2%%!/1&#&WwomlmzmU{oUmqm{x yr{fmim{iW
 W    Z\[W \eZe l1#1% r)"#"7#%
/( 888:2%!&: 293f&#('$%T"("3/%%(eeZ 29
\xTid"$Y"Wik%:7%$Wuyi("$YW"12ixu'$&8W{%)%8&9
w&8%$U&12(&119&$}1%(!m1%$y"$)%3(1i3(%:3W
W)&#\^W1&\W  
ejZ]W\eZ\
jiw$""12To1:"1W ¡¢£¤¥¤¢¡i $1%$W
\eeS
[Tx'&:"$"12kz"#"$(W{%!%1(w$&$%331w%d&%#%!($!
U&1)%$3&1"12m1%$y"$)%3(1p31q&1#1%"$m#%!($&1!
o1(%$9"!%3"12o33'%31i:"#i!"#%o: #%:%1("(&1W¦¢£¤§£¢¡W
)&#\W1&\W  \^[\S[W'1\eZZl1#1%r)"#"7#%
/( 888:2 !&:\e^\V¨¨ ©¨\\\^[
]ry&9:"11WTz"t'"W"12wy'3"$Ww%d&%#%!($!m1%$y"$)%3(1
"3l  &$('1(&9w&8%$1o1(%#%1(o: #"1(3"12w$&3(/%3%3W
ª¡«¬¬¡¤­¬ª¬ª§§¢®¯°®W1&v'$%
\W  \]W\eZ\
¨z %!/1&#&W p#($"#&8 f&#("% i(% Vp U&1)%$(%$ "12
w&8%$ k"1"%$ %"'$%3 zUjZe "73&#'% k"Xk'k
$"13W  W  Z\\W\eZZl1#1%r)"#"7#%
/( !23#1%"$!&:2&!3T"("3/%%(jZe9" 29
^±±W zU[e^e V zVo&1w&#:%$ i/'1( u"(%$ U/"$%$
i3(%:W  W  ZZ¨W\eZel1#1%r)"#"7#%
/( !23#1%"$!&:2&!3T"("3/%%([e^e9! 29
m1%$U/ WUuUe]ei&#2i("(%m1%$i(&$"%WW\eZe
l1#1%r)"#"7#%888!:7%(!&: 293TiV^\VeZ 29
S%X"3 o13($':%1(3W kiw[je\\X\ kiw[je\\X[W 
W 1& '# \ee¨W \eZZ l1#1% r)"#"7#%
/( 888(!&:#(233:#1Y:3 [je9\\^[ 29
Ze±±Wkw\eWW1&T%!%:7%$W\eeSl1#1%r)"#"7#%
/( 888(!&:#(233:#1Y(: \e 29
Biomed Tech 2012; 57 (Suppl. 1) © 2012 by Walter de Gruyter · Berlin · Boston. DOI 10.1515/bmt-2012-4265266 Bereitgestellt von | Technische Universität IlmenauAngemeldetHeruntergeladen am | 15.08.19 14:05
